) of the temperature coefficient of resistance was determined. Experimental results also show that a stable three-dimensional network of resin molecular chains is formed and that the polymer presents a glassy state when the value of the temperature coefficient of resistance is greater than the critical value. Based on this relationship, a hypothesis was raised that for the complete curing of the resin, the temperature coefficient of resistance of the buckypaper sensor should meet the critical value condition, which was also consistent with the differential scanning calorimetry testing of the curing degree. The buckypaper sensor was found to be sensitive to the curing degree of the resin, and has a promising future in applications in composite manufacturing processes. Moreover, the properties of composite components are indeed able to be improved via the monitoring and optimization of the curing parameters.
Introduction
Fiber reinforced polymer (FRP) composites have been applied widely in many areas due to their attractive features of higher specic strength and stiffness, particularly in the aerospace eld. The quality and benets of the nal products are inu-enced by manufacturing processes, and this is mainly due to the method used for the curing of the resin. A low degree of cure will lead to the quality of the products not meeting the required standards, and the continuation of these manufacturing processes will waste a lot of manpower, materials and nancial resources. 1 To ensure the quality of products, the curing process must be optimized and monitored, and there is an urgent need for a convenient, low-cost and on-line method for measuring the degree of cure.
2,3
The curing degree of resins or composite prepregs can be assessed using conventional analytical techniques, such as Fourier transform infrared (FTIR) spectroscopy, 4 dynamic mechanical analysis (DMA), 5 rotating or oscillating rheometry, dielectric analysis (DEA), 6 acetone impregnation and so on. 1 The most common technique is differential scanning calorimetry (DSC) which is a thermal analysis technique that measures the crystallization and melting behavior or other thermal transitions occurring within a sample when it is heated, cooled or studied at isothermal temperature. [7] [8] [9] The properties of a resin can be characterized, including the curing degree. 10 These methods require expensive equipment, typically work with small samples in size or weight, and some measurements are not very accurate. 11, 12 A critical problem is that these methods do not meet the requirements of real time on-line analysis of the curing degree. In this work we put forward a new method for real-time monitoring of the manufacturing process and analysis of the curing degree of polymer composites with BP sensors.
Buckypaper (BP) is an outstanding material which contains entangled networks of CNTs formed by van der Waals interactions. 13, 14 An important milestone in the history of carbon was the discovery of CNTs as one of the most important materials of the 21st century. Due to the use of CNTs as component materials, with their mesoporous structure, and excellent electrical and heat conductivity, CNT-only BP sensors for various applications have become an important topic in the last decade. 15 In our previous study, a BP sensor was embedded into polymeric composites for monitoring of the manufacturing process and for gathering information on resin curing, which could be monitored in situ by the resistance change of the BP sensor. Given its embedded nature, this BP sensor has shown good prospects in monitoring the manufacturing process of composites. Meanwhile, the BP sensor can be cut into a desirable shape and placed at any position in a composite component according to requirements. In addition, the optimization of the carbon nanotube dispersion process ensures the stability of the BP sensor.
16,17
In this paper, a low cost on-line method for monitoring the curing process and analysis of the curing degree is presented. During the monitoring process, the BP was embedded into composite laminates as a sensor, and the electrical resistance response of the BP sensor was adopted for the on-line analysis of the curing degree of composite structures. Due to its unique sensing network based on carbon nanotubes and good compatibility with composites, the curing degree of composite structures could be detected from the resistance-temperature coefficient of the BP sensor.
Experimental

Materials
The unidirectional glass ber prepreg (6501/G15000/33%) was supplied by Weihai Guang Wei Composite Co., Ltd., China. Commercial multi-wall carbon nanotubes (TMIMI, Chengdu organic chemicals, Co., Ltd., China Academy of Science, China) with purity higher than 95% were used to fabricated the CNTonly buckypaper sensor.
BP sample preparation
Currently, BP can be fabricated using several different methods, but there are mainly two approaches for preparation. The dry printing process, in which aerosols of CNTs are synthesized via oating-catalyst chemical vapor deposition (CVD) and are directly captured by membrane lters, or deposited on plastic lms, is a smart approach for the production of high-quality single-walled carbon nanotube (SWCNT) buckypaper without any damage or contamination.
18 A single-walled CNT macrolm was prepared by the chemical vapor deposition method and showed a sheet electrical resistance of 8.62 U Sq À1 . 19 However, water-based solution methods are much more popular, because of the safety of the processing and materials used. Actually, overcoming the van der Waals forces between carbon nanotubes and consequently breaking up the multi-wall carbon nanotube (MWCNT) bundles into individual tubes is a challenging task in the preparation of a mono-dispersion of MWCNTs. 20 In accordance with the previous parameter optimizations, the BP fabrication process was as follows: rstly, 500 mg MWCNTs and 5 ml Triton X-100 were added into 150 ml distilled water and the mixture was sonicated for 1 h. The sonicator (Q700, Sonicator Co., Ltd., USA) was operated in a pulse mode (on 2 s, off 2 s) with the power set at 100 W. Aer the completion of the dispersion process, the solution was ejected onto a 0.45 mm porous diameter ltration membrane, and ltered using a spray-vacuum ltration setup. 21 The sample was dried at 80 C for 12 h in air on the lter and peeled off aerwards.
Fabrication of composite samples embedded with a BP sensor
In this paper, the composite materials were manufactured by a vacuum bagging method, as shown in Fig. 1 . The resin curing information can be monitored by the embedded BP sensor during the composite manufacturing process. A typical laminate was composed of [0 10 ] layer stacked prepregs, which were pre-cut into rectangular shapes of 150 mm Â 150 mm. With the pre-determined orientation and position design, the BP was cut into a rectangular strip (30 mm Â 10 mm) for use as a sensor. The BP and a K-type thermocouple were manually sandwiched between 5 or 6 layers of the prepreg.
22
According to these steps, 6 identical samples were prepared and compared under different curing systems, which have been marked A, B, C, D, E and F. First the prepregs embedded with BP sensors were placed in a vacuum bag system that was operated at a pressure of 1 MP and different curing temperatures. Temperature is a noticeable problem, so the samples were scanned over a temperature range from room temperature to the preset temperatures (sample A 120 C, sample B 108 C,
at a heating rate of 3 C min À1 to induce the resin curing process, and aer that, the temperature was maintained isothermally for 3 h, then heating was stopped and the samples were allowed cool naturally to room temperature. A schematic diagram of the six curing systems at different temperatures is shown in Fig. 2 .
Piezoresistivity evaluation of the BP sensors in resin phase change characterization
The sensitivity of the BP sensor is higher, and previous studies mentioned that BP can be inltrated with alcohol and acetone. BP had different resistance responses to solvent penetration processes due to their different volatilization rates. 21 Hence, as soon as any minor change occurs in the internal structure, the resistance changes sharply. In this paper, the direct current (DC) electrical resistance conductivities of the BP sensors were obtained using commercial four-probe resistance measuring apparatus (RTS-8, 4 PROBESTECH, China), which is an established method for measuring the electrical properties of solids and thin lms in material science. 23, 24 The relative resistance change DR/R 0 is used to describe the sensitivity of the BP sensors, where DR and R 0 are resistance change and initial resistance at room temperature. The initial electrical resistance of the BP sensor was 2.26 U. In principle, the contact resistance was minimized by using silver paste as electrodes, and the temperature of the BP composite was measured using a thermocouple (TT-K-36, OMEGA, Co., Ltd., USA). To examine the temperature sensitivity, the thermocouple was placed next to the sensor.
Curing degree measured using a DSC method
The curing degree of the epoxy resin was measured using TA Instruments Q100 Differential Scanning Calorimetry (DSC). The uncured composites were tested at a scanning rate of 5 C min À1 from 30 C to 230 C to calculate the total heat of the complete reaction (H T ). The residual reaction heat (H r ) for a sample cut from the middle of the laminate was thus obtained. The curing degree a of the composites was calculated:
3. Results and discussion
Characterization of mono-disperse MWCNTs, BP and its composites
Through the previous study, a uniform and stable MWCNT mono-dispersion (Fig. 3a) was obtained by parameter optimization. 25 The image shows a CNT suspension in water which has been proven to be stable for at least four weeks. The typical dispersion and morphology are shown in Fig. 3a and b. These TEM images reveal that the CNTs are no longer agglomerated. The TEM images show that the position and morphology of the MWCNTs remained intact aer four weeks.
The sensing capabilities, micro-structure and quality of the BP, which was fabricated through a spray-vacuum ltration method, were ensured by the uniform and stable MWCNT mono-dispersion. Fig. 4 shows the macroscopically observable BP, the SEM morphology of the BP and the BP embedded into the composite aer the normal curing process.
Intuitively, the surface smooth BP (Fig. 4a illustration) with thickness of 55 mm, when embedded into composite, will not destroy its mechanical properties. The pore structure and conductive entangled networks, which were formed by carbon nanotubes under the action of van der Waals interactions, can be observed in Fig. 4a . The SEM image of the BP composite (Fig. 4b) shows that the resin penetrated into the BP pore structure, and therefore the BP embedded into the composite exhibited good compatibility with the resin matrix.
The conducting mechanism of the BP sensor
BP is a porous material with a 3D conductive network formed by the interaction of carbon nanotubes. The sensing network is complex and workers in this eld have divided the resistance into two parts (Fig. 5) as follows: (1) the carbon nanotube structure itself gives intrinsic resistance; (2) contact resistance is formed by carbon nanotubes interacting with each other. When the distance between the resin impregnated carbon nanotubes is relatively close, due to the quantum tunneling effect, the electrons on the carbon nanotubes can break through the barrier and transfer to the neighboring carbon nanotubes, thus forming contact resistance, 18 as shown in Fig. 5 . This can be expressed using the formula
where R i is intrinsic resistance and R c is contact resistance.
Response of BP resistance to temperature
Due to drastic temperature differentials during operation, it is important to understand the effects of temperature on a sensor's electrical properties. For the response of the BP sensor's resistance to temperature (30 C to 150 C), an example of a highly linear electrical response to the applied monotonically increasing temperature prole is shown in Fig. 6 . The slope has a gradient of À4.46 Â 10 À4 , the tting degree is 0.992, and the temperature sensing properties of the BP sensor are similar to those reported in the literature. 18 This characteristic response has been studied and a mathematical model has been developed to take this behavior into account, which is given in the equation:
where T m is the corresponding temperature constant, T c and T s are electron tunneling parameters and represent the combined effect of the nanotube gaps. The rst term of this equation represents the highly anisotropic conductivity along the MWCNTs, which is present in the thermal response of the SWCNTs as well as that of the MWCNTs. The second term of eqn (1) represents the electron transport due to electron tunneling between CNTs. The tunneling components are responsible for the dR/dT # 0 behavior in the data. However, this response tends to be the case for SWNTs, 26 and is not typical for MWCNT thin lms. In the general case for MWCNTs , the second component tends to be linear in nature and not exponential. R m is several orders of magnitude higher than R t , and the metallic resistance only contributes 3.3% of the total resistance at room temperature, so the second component is more important when the resistance decreases as the temperature rises.
Curing process monitoring with BP sensor
During the composite manufacturing process, the real-time resistance change of the embedded BP sensor provides valuable insights to reveal the resin curing process. During the experimental process, BP sensors are embedded into composite samples to monitor the curing process at different cure cycles, cycles A, B, C, D, E and F, which include three stages: (1) temperature ramping from 35 C to the preset temperature (120 C, 108 C, 95 C, 90 C,
85
C and 75 C, respectively); (2) isothermal heating at the preset temperature for 3 h; (3) natural cooling to room temperature. Regardless of the different curing cycles, the general features of these three processing stages were reliably captured by the realtime resistance change of the BP sensor. Fig. 7 shows the temperature and relative resistance of cycles A, B, C, D, E and F, respectively. At the rst stage, the relative resistance changes were À4.5 Â 10 À3 , À4. Compared with the other cure cycles, the relative resistance change curve of cycle F showed a similar trend in variation at stage 1. While, aer stage 1 and during the isothermal stage, the resistance of the BP sensor increased as the curing process proceed.
Due to the components of the material and the pore structure, the BP sensor was very sensitive for the capture of the resin-inltration networks of the CNTs. In addition, the relative resistance of the BP sensor was related to the phase change of the resin matrix during the composite manufacturing process. In stage 1, when the temperature was low, the matrix viscosity was still high and ow was difficult. As such, there was no resin inltrated into the BP sensor. The small intrinsic negative temperature coefficient (NTC) of resistance contributes to this phenomenon. 18 In stage 2, the resin viscosity decreases with temperature ramping. This allows the resin molecules to readily inltrate into the networks of CNTs, to cause their expansion, and even to break the nanotube junctions. Thus, the sensor resistance shows a signicant increase. As the curing process proceeds, the increase in the cross-linking density causes a drastic increase of the viscosity of the system as well as shrinkage of the matrix. 27, 28 Consequently, the resin inltrated MWCNT network accordingly shrinks to cause the sensor resistance decrease at the beginning of stage 3.
29 During the isothermal heating of stage 3, the cross-linked resin network is fully developed to stabilize the sensor resistance. Resin inl-tration and curing shrinkage are shown in Fig. 8 . 29 However, for cycle F, aer stage 1 and before the cooling stage, the variation trend of the resistance of the BP sensor is different. Using a lower temperature, as the time increases, led to a weak crosslinking reaction, and according to our present work, the resistance of the BP sensor decreased due to the shrinking of the resin causing solidication. While the slightly cross-linked resin was sensitive to temperature, the relatively stronger movement and relaxation of the resin segment destroyed the conductive network of the BP at 75 C. Therefore, the resistance of the BP kept increasing before the cooling stage. For the cooling stage (stage 4), as mentioned in the previous section, because of the properties of carbon nanotubes, the temperature decreased and the resistance increased.
In other words, the intrinsic NTC effect of the MWCNT network plays the leading role. Certainly, the thermal expansion of the fully cured composite could also contribute to the sensor resistance change in stage 4. However, due to the relatively small thermal expansion coefficient of the fully cured epoxy/ glass composite, this effect is negligible.
Resistance-temperature coefficient and curing degree
The curing degree of the composites is different under the different curing processes and the resin with different curing degrees have different responses to temperature. During the test, the temperature responses of the embedded BP sensors during the cooling stage of the different cure cycles were not identical. Hence, the concept of a temperature resistance coefficient (TCR) is introduced in this paper. As long as the TCR is denite, the degree of cure of a composite can be determined by a certain law.
In the six sets of curing cycles, different TCR values can be obtained at the cooling stages of the different curing conditions. The TCR indicates the relative change in the resistance of a material when the temperature changes as a unit of temperature. The formula is expressed as:
In the cooling phase, the relationship between temperature and relative resistance is shown in Fig. 7 . As the temperature decreases, the resistance increases linearly. The t and slope TCR of the different curing cycles and the degree of cure mentioned above are shown in Table 1 . Fig. 9 shows the relationship between the curing degree and the TCR. Absolute values of TCR are on the X axis, and the curing degree is on the Y axis. From the curve, we nd that the temperature is negatively related to the TCR, and the higher of the absolute value of the TCR, the lower the curing degree. Moreover, there is a jump in the curve between 85 C and 90 C.
In this study, a hypothesis that there is a relationship between the absolute TCR values of BP sensors and the curing degree of their composites was presented. Once the TCR is determined, the curing degree of composites can be obtained from the curve. A lower curing degree causes a lower cross-link density of the resin, thus, the entire resin network is more sensitive to changes in temperature. With the change in temperature, the chain relaxation of the resin network with a low curing degree is more obvious, and there is greater impact on the conductive network of BP because the resin and BP have good compatibility. Therefore, the lower the curing degree, the higher the absolute value of TCR for the BP sensor. This means that BP sensors embedded in the composite are more sensitive to temperature. From the jump in the curing degree from the curve, it is easy to see that the minimum curing temperature is 90 C, and the corresponding TCR is À7.18 Â 10 À4 C À1 . When the TCR value is below À7.18 Â 10 À4 , the resin chain segment molecules are basically not moving, and form a stable threedimensional cross-linked network inside, meanwhile, the curing is basically complete. In practical engineering, the curing degree of the composite can be obtained by monitoring the TCR value in the curing process of the composite. By adjusting the curing system of composite materials, the TCR of BP was optimized, and this improved the curing degree of the composites and improved the manufacturing quality of the composites. In addition, this method can be used in process monitoring and allows control under different positions, different thicknesses and different process conditions, which are not available by other methods.
Conclusions
A exible and highly sensitive BP sensor was fabricated by a spray-vacuum ltration method with mono-dispersion of MWCNTs. By using vacuum bagging and prepreg laminates as examples, the embedded BP sensor was able to provide in situ resin curing information during the manufacturing process, which is highly valuable and critical for quality assurance of the host composite structures. In this paper, six different curing cycles were formulated, and six sets of TCR data were obtained during cooling. Through the relationship between the absolute value of TCR and the curing degree curve, our results indicate that the curing degree of the material can be known as long as the TCR is determined. When the absolute value of the TCR is below the critical value of 7.18 Â 10
À4
, the stable threedimensional network is formed and the interior has reached the glass state. This means that curing is basically completed.
Therefore, the degree of cure of composite materials is able to be measured on-line by this novel BP sensor, which presents great potential applications. Moreover, in actual production, the curing system can be controlled most appropriately by measuring the TCR value, which can save energy and improve quality.
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